IMPORTANCE Understanding the natural history of Huntington disease will inform patients and clinicians on the disease course and researchers on the design of clinical trials. OBJECTIVE To determine the longitudinal change in clinical features among individuals with Huntington disease compared with controls.
H untington disease (HD) is an autosomal-dominant neurodegenerative disorder resulting from an unstable cytosine-adenine-guanine (CAG) repeat in the Huntingtin gene 1 that is clinically characterized by involuntary movements, cognitive decline, and behavioral changes. [2] [3] [4] Several studies have previously described the natural history of the disease. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Many, however, have been either small, narrowly focused, short in duration, or uncontrolled. Highquality longitudinal data will inform the design of clinical trials aimed at slowing progression and may inform patients and clinicians about the disease course. We, therefore, analyzed longitudinal data from the recently concluded, prospective, multicenter, observational study Cooperative Huntington's Observational Research Trial (COHORT).
Methods

Study
The Johns Hopkins Medicine institutional review board reviewed and approved this analysis of COHORT study data. All COHORT study participants provided written informed consent or, if unable, had an authorized representative provide consent on their behalf. The COHORT project was an observational study that collected phenotypic and genotypic data from individuals with HD and their families from February 14, 2006 , until June 30, 2011 . The study design and initial baseline characteristics have been previously described. 23 In brief, the study, which was conducted at 44 research sites in Aus-Participants COHORT research participants represented 4 groups: (1) individuals with clinically diagnosed HD; (2) individuals who underwent DNA testing prior to enrollment and were found to carry an expanded allele but did not have clinically diagnosed HD; (3) first-degree or second-degree relatives of individuals from the first 2 groups; and (4) spouses or caregivers of individuals from the first 2 groups (controls) who had no genetic risk for HD. We limited this analysis to control participants and those with clinically diagnosed HD at baseline, as determined by the site investigator's answer of yes to question 80 of the Unified Huntington's Disease Rating Scale (UHDRS) 4 : "Based on the entire UHDRS [Motor, Cognitive, Behavioral, and Functional components] do you believe with a confidence level of >99% that this subject has manifest HD?" and having a CAG repeat length of at least 36. [24] [25] [26] Assessments At each visit, participants underwent a physical and neurological examination that included height (at baseline only), weight, the UHDRS, and the Mini-Mental State Examination (MMSE). At follow-up visits, new clinical and mental health events and each participant's current medications were recorded. A blood sample for DNA isolation and CAG repeat genotyping was also collected at baseline.
Analysis
Our primary analysis focused on the cohort of clinically diagnosed participants and controls who had at least 3 consecutive years of longitudinal data. We investigated motor, cognitive, behavioral, and functional outcomes and other clinical characteristics including body mass index (BMI) (calculated as weight in kilograms divided by height in meters squared), pulse rate, and blood pressure. For motor outcomes, we examined changes in total motor and chorea scores. For cognition, we determined changes in verbal fluency, symbol digit modality, Stroop interference, and MMSE score. For behavior, we calculated the product of the frequency and severity scores for 11 behavioral questions (eg, depressed mood) and summed them. For function, we determined changes in the total functional capacity (TFC) score and functional assessment score.
To determine whether the results varied by baseline functional status or disease burden, we divided participants with HD into 2 different subgroups separated into quartiles. The first was defined by baseline (TFC), which assessed an individual's capacity in occupation, finances, domestic chores, activities of daily living, and care level. The second was defined by baseline disease burden where disease burden = (CAG n − 35.5) × age. 12 Clinical characteristics were analyzed in a cross-sectional manner using summary statistics at each point and longitudinally using mixed-effects models. 27 The analysis incorporated data across all points by assuming a linear shape over time for the mean response and included random effects for centers with an unstructured correlation matrix for the repeated measures. These models were used to estimate the mean change per year in each outcome and the corresponding effect size (mean change divided by standard deviation of change) over 3 years. A simpler analysis that used only change from baseline to 3 years to estimate the mean change per year was conducted to confirm the results. Other mixed-effects model assumptions (eg, normality and linearity) were also verified. The focus of this analysis was on estimation, not hypothesis testing. We did not correct for multiple statistical comparisons. We report the number of individuals with missing data for each outcome measure in the corresponding Table. We reported this natural history study in keeping with the Strengthening the Reporting of Observational Studies in Epidemiology guidelines. 28
Results
Participants
During the study, 1514 participants with clinically diagnosed HD were enrolled, and 366 participants had at least 3 years of longitudinal data. Over the course of the 5-year study, 205 participants (13.5%) with clinical diagnosed HD prematurely withdrew from the study. The most common reasons were death (n = 61), withdrawal of consent (n = 36), and institutionalization (n = 31). Of the 366 participants, 32 did not have a Huntingtin allele with a CAG repeat length of at least 36 (24 did not have genotypic data available and 8 had a repeat length less than 36), leaving 334 for the purposes of this analysis (eFigure 1 in the Supplement). Of the 673 controls who enrolled at baseline, 142 participants had at least 3 years of longitudinal data.
Based on the baseline TFC of individuals with clinically diagnosed HD at baseline, the population was divided into the following 4 quartiles: quartile 1 (n = 58) had a TFC score of 13, quartile 2 (n = 95) had scores of 10 to 12; quartile 3 (n = 95) had scores of 7 to 9; and quartile 4 (n = 86) had scores from 0 to 6. Based on the baseline disease burden, the population was also divided into the following 4 quartiles: quartile 1 (n = 85) had scores of 0 to 341; quartile 2 (n = 82) had scores of 342 to 398; quartile 3 (n = 86) had scores of 399 to 456; and quartile 4 (n = 81) had scores of 457 or greater. Individuals with greater disease burden tended to have lower TFC (Spearman r = 0.80; P < .001) (eFigure 2 in the Supplement). Table 1 and eTable 1 in the Supplement show baseline characteristics of the overall study population. Participants with clinically diagnosed HD were primarily female (56.0%) and white (93.4%), and most had completed at least 12 years of education (89.8%), although few were in the labor force (22.8%). At baseline, BMI was lower in those with HD compared with controls (25.8 vs 28.8; P < .001), and average pulse was higher than in controls (74.2 vs 69.6 beats/min; P < .001).
Motor
The total motor score increased by 3.0 points per year, and both chorea and dystonia scores increased by 0.3 point per year ( Table 2 and 
Function
The mean TFC score among individuals with HD decreased by 0.6 point per year, and the mean functional assessment score decreased by 1.1 points per year ( Table 5 and eTable 6 in the Supplement).
Additional Outcome Measures
The average BMI among individuals with clinically diagnosed HD decreased by 0.1 unit per year. The higher pulse rate of individuals with HD did not change over 3 years (eTable 7 in the Supplement).
Discussion
In the COHORT study, individuals with clinically diagnosed HD experienced a steady decline in the cardinal features of the disease. These results quantify the course of HD, draw attention to potential limitations in a commonly used behavioral measure, detail BMI changes, identify heart rate differences among Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); COHORT, Cooperative Huntington's Observational Research Trial; HD, Huntington disease. a Values are listed as mean (SD) unless otherwise noted. b Quartile 1: total functional capacity score = 13, quartile 2: total functional capacity score = 10 to 12, quartile 3: total functional capacity score = 7 to 9, and quartile 4: total functional capacity score = 0 to 6. c For motor and behavioral measures, higher scores reflect greater impairment.
For cognitive and functional measures, higher scores reflect less impairment. d For participants who do not carry an expanded allele, the (CAG) n of the shorter allele represents the average of 2 normal alleles.
individuals with HD, and may aid in designing and conducting HD clinical trials. The COHORT study extends previous reports ( Table 6 ) examining the natural history of HD. [5] [6] [7] [16] [17] [18] [19] [20] 29, [31] [32] [33] [34] [35] Our observed annual decline in total motor score of 3.0 points was less than the decline observed in some previous studies that ranged from 4.8 to 6.4 points. 4, 5, 19, 29 However, the recent 36month analysis of TRACK-HD found an annual change in total motor score (2.9) similar to that observed in this study. 18 Ravina et al 29 found an annual worsening in chorea of 1.0 point among individuals with early HD that was greater than observed (0.3 point) in the present study that included individuals with early and advanced HD. Our analyses indicate that the annual rate of increase in chorea is greater among individuals with earlierstage HD (0.6-0.7 point annual worsening) than advanced HD (0.0-0.1 point annual worsening). Thus, chorea likely increases early in the disease before reaching a plateau in more advanced HD.
The observed magnitude of cognitive changes was similar to previously published studies, including TRACK-HD. [16] [17] [18] We found substantial differences between controls and individuals in the early stages of HD. For example, among all participants with unimpaired TFC scores of 13, those with HD (n = 58) scored on average 1 point worse on the MMSE and 10% to 20% worse on the verbal fluency, symbol digit, and Stroop tests than controls (n = 142) who had no HD risk. All cognitive metrics used to evaluate change in cognition showed progressive decline, and the MMSE had the smallest variance. Other cognitive measures including verbal fluency, symbol digit, and the Stroop test all showed progressive decline with only mod- est variance in participants with HD and improved scores (possibly due to learning effects) in the control population. Unlike the motor and cognitive measures of HD, behavior changes, as measured by the UHDRS, were more difficult to assess. Perhaps because of a selection bias in enrolling participants with few disruptive behavioral features, we found only a modest worsening in behavior over time and wide confidence intervals that included zero (or no change). Behavioral impairment may not worsen as progressively or uniformly as motor and cognitive impairments. For example, despite depression being twice as prevalent compared with the general population, 36 depression among our cohort did not progress over time. 37 Thus, commonly used depression scales may have limited utility in HD. 38 Additionally, measures of be-havior in the UHDRS may not be sensitive to change. Other behavioral assessments, such as the Problem Behaviors Assessment for Huntington Disease, 39 may have greater utility, especially because they can assess behavioral features of HD, such as apathy, that progress over time. 18, 37 The annual rate of decline in total functional capacity, a widely used assessment of overall functional capacity and a common primary outcome measure in HD clinical trials, ranges between 0.4 and 0.8 point per year among this large HD population. For example, Marder and colleagues 6 observed a 0.7point annual change in total functional capacity in a large (n = 960) study. In the 1980s, Penney and colleagues 20 examined individuals with HD in Venezuela and found a TFC score decline of 1.4 points per year; this principal outlier may be re- lated to the younger age of this population, the relative inaccessibility of these patients to health care, comorbid disorders, and cross-cultural application challenges of this assessment tool. The COHORT study also found a substantial difference in the BMIs of individuals with clinically diagnosed HD (25.8) vs controls (28.8). A prior study found a difference of 1.8 to 2.3 units between individuals with HD and age-and sex-matched controls from the general population. 40 The longitudinal decline in BMI among individuals with HD was 0.06 unit per year compared with an increase of 0.16 unit per year among controls. In a clinical trial of riluzole for HD, Aziz and colleagues 41 found that BMI in HD decreased by 0.15 unit per year. A recent longitudinal study 42 and the wide confidence intervals in this study indicate, however, that weight loss over time is not universal in HD. Studies of metabolites in both murine and human mod-els of HD suggest that a hypermetabolic state may precede the occurrence of motor symptoms and contribute to weight loss. [43] [44] [45] In support of that hypothesis, Marder and colleagues 46 found that among 675 individuals, those premanifest for HD had higher caloric intake than controls but not higher BMI.
In our analysis, we found that pulse rate, but not blood pressure, was higher in individuals with HD (74.2 beats/min) compared with controls (69.6 beats/min) and at baseline was higher by 7 to 9 beats/min in individuals with advanced HD compared with individuals with less advanced HD. However, in longitudinal analyses, we observed no change in pulse over 3 years. This finding is new, and its mechanism and clinical implications are uncertain. Previous studies have suggested the presence of mild autonomic dysfunction as measured by sympathetic skin responses, heart rate variability, and autonomic cardiovascular tests. 47, 48 In early HD, no previous studies have in parentheses are the numbers of these participants with missing data at each follow-up visit. c Effect size represents the mean change divided by the standard deviation of change over 3 years.
clearly identified baseline differences in heart rate compared with controls or as a function of disease severity. In a small study, Kobal and colleagues 48 concluded that autonomic dysfunction in presymptomatic and early symptomatic HD likely exists. Whether the differences observed are part of the underlying disease, a secondary phenomenon (eg, autonomic dysfunction, response to relative hypovolemia, or catabolic state), or even are replicable remains to be established. However, a recent longitudinal study suggests that a higher resting heart rate is an independent predictor of mortality among 2798 healthy individuals followed up for 16 years. 49 Confirmation and a better understanding of our findings showing an unexplained relative tachycardia in HD may offer effective interventions to combat this associated comorbid phenomenon. The COHORT study may also help investigators in designing therapeutic trials aimed at slowing the clinical and functional decline of HD. Our findings may assist in the selection of the study population, appropriate outcome measures, statistical power estimates, and evaluation of the clinical significance of outcomes. COHORT examined changes in relevant clinical outcomes for groups defined by functional capacity and by disease burden. With some notable exceptions, the rates of change in the cardinal clinical features were similar across subgroups. Among the exceptions was a plateau or slowing of chorea severity with more advanced disease as measured by func-tional capacity or disease burden and an accelerated decline in cognitive performance in those with greater disease burden. Interventions aimed at slowing chorea may be better focused on individuals with less advanced disease; however, treatments seeking to demonstrate a symptomatic effect on chorea may be best studied in those with prominent chorea who generally have more advanced disease. For interventions aimed at cognition, disease-modifying interventions could evaluate individuals in the earliest symptomatic stages of the disease when deficits begin to develop. Symptomatic interventions seeking to improve cognitive function could include those with more advanced disease, where the deficits and rates of decline are greatest.
The study results can also readily assist in estimating statistical power in designing trials. For example, a hypothetical 3-year placebo-controlled study aimed at reducing progression in the total motor score by 50% would have an expected treatment effect of about 4.5 points on the total motor score (from Table 2 , total motor score increase by 3.0 points/y × 3 years × 50%). The SD of the change in the total motor score is about 12 points, which can be calculated by calculating the product of the standard error of change per year (0.22 points/ y), the duration of observation (3 years), and the square root of the sample size (334). Assuming 90% power and a 2-sided significance level of 5% using a t test, the sample size per arm This controlled, prospective COHORT study has its limitations. First, the participants in this study are not representative of the entire HD population. As with other observational studies and clinical trials, participation in this study was voluntary and required the ability to travel to a participating research center. As such, the study population likely represents a more educated, more affluent, and less disabled population, limiting the generalizability of the study. Second, while the observational period was as long or longer than most previous studies, 3 years still represents only about 15% of the average duration of HD. 52 High-quality data on disease progression over longer periods of observation are not yet available. Third, the frequency of observation in this study was annual. Shorter-duration clinical trials with more frequent and closer observation may have different, and potentially smaller, rates of decline than those found in this study. Fourth, the observed data are on individuals with HD who were taking medications, often prescribed by HD specialists. The rate of change in this study may not reflect that of the broader HD popula-tion who may have less access to such care. Fifth, this analysis was restricted to participants who had at least 3 follow-up visits. To the extent that those who prematurely withdrew from COHORT or those with missing data (especially from cognitive metrics) had more progressive disease, which is quite possible, the estimates provided here on disease progression would be understated. Finally, assessments in this study were unblinded and may differ from those conducted in clinical trials. Notwithstanding these limitations, this study because of its design, size, geographic scope, prospective nature, rigorous assessments, and inclusion of contemporaneous controls provides valuable natural history information to patients and providers and may inform the design of clinical trials aimed at slowing functional decline and reducing the burden of HD.
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